Abstract
Introduction
The adrenal glands are a common site for metastases, mainly because of their rich sinusoidal blood supply. 1 Metastatic disease in the adrenal gland is most often from a lung primary malignancy but can also be due to multiple other primary malignancies, including breast, kidney, colon, and liver cancer. 2 Historically, adrenal metastases were discovered symptomatically and treated with chemotherapy or, less often, with palliative external beam radiation therapy. However, with the increased use of imaging for cancer diagnosis and surveillance, occult adrenal metastases are more frequently identified. Many of these patients have a limited number of metastases (ie, oligometastatic disease). Aggressive use of definitive local therapies in oligometastatic disease may increase progression-free survival (PFS) and overall survival (OS). 3, 4 Recently, stereotactic body radiation therapy (SBRT) has emerged as a noninvasive technique to treat metastatic adrenal lesions definitively. 5 In contrast with conventional radiation therapy, SBRT allows for the delivery of large doses of radiation in a highly conformal manner. SBRT is frequently used as a definitive treatment modality for inoperable primary lung and liver malignancies, 6 and a growing body of literature has explored SBRT for the definitive treatment of oligometastatic disease. 3 The safety and tolerability of SBRT in treating adrenal gland metastases have only been reported in small case series; metastases typically originated from a single primary cancer site without a consensus on overall radiation dose or fractionation scheme. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Herein, we present our institutional experience with SBRT to adrenal gland metastases originating from various primary cancer sites and demonstrate that administering SBRT to adrenal gland metastases has favorable treatment outcomes, although associated serious side effects may occur.
Methods and materials

Patient population
After approval by our institutional review board, we reviewed a prospectively maintained database of patients who received SBRT to adrenal gland metastases. At our institution, the criteria for receiving SBRT to the adrenal gland include a limited metastatic disease burden and controlled systemic disease except for the adrenal metastasis.
Stereotactic body radiation therapy
Computed tomography (CT)-based treatment planning was used for all patients. Immobilization was obtained with either an arm board or a custom-made partial Vac-Lok (CIVCO Radiotherapy, Orange City, IA). Patients received a full expiration breath-hold contrast-enhanced CT scan with 2 mm slices and a 4-dimensional CT scan to quantify motion. The 4-dimensional CT data sets included 10 respiratory phases: 20%, 40%, 60%, 80%, and 100% inspiration phases, and 80%, 60%, 40%, 20%, and 0% expiration phases. If a motion greater than 1 cm was noted on the 4-dimensional CT scan, respiratory gating was used for treatment planning and delivery. In cases with ≤1 cm motion, an internal target volume (ITV) was created using the 100% inspiration, 0% expiration, and full-expiration breath-hold contrast-enhanced CT scan. In gated cases, beam-gating phases were designed to keep the tumor motion at ≤1 cm while the beam was on. The ITV included the fullexpiration breath-hold contrast-enhanced CT scan and 4-dimensional CT data sets that corresponded to the gated phases. The planning target volume included an additional 5 mm margin around the ITV.
Patients were treated with either intensity modulated radiation therapy-based plans, volumetric-modulated arc therapy, or 3-dimensional conformal treatment. Dose and fractionation were determined on the basis of tumor size and location; patients received total doses of 30 to 48 Gy in 3 to 5 fractions ( Table 1 ). The dose constraints that were used in our series were as follows: 1) spinal cord was allowed to receive a maximum dose of ≤13 Gy delivered over 3 fractions; dose of ≤16 Gy delivered over 4 fractions; or dose ≤25 Gy delivered over 5 fractions; 2) ipsilateral kidney dose was kept as low as possible with at least 150 cc receiving a cumulative dose of ≤12 Gy; 3) the large and small bowel maximum doses were kept as low as possible.
Fractions were delivered every other day, with at least 40 hours between fractions. Prior to treatment delivery, either a megavoltage or kilovoltage cone beam CT scan was acquired for localization. No patient received concurrent chemotherapy during the SBRT. A biological effective dose (BED) 10 for the tumor was calculated using the following equation:
where d is the radiation dose per fraction, n is the number of fractions, and α/β is equal to 10 Gy. 
Follow-up and response evaluation
All patients were assessed at least once during treatment for acute side effects as well as 1 month after completion of treatment and then every 3 months to assess late toxicities. Our institutional practice is to evaluate patients with a CT scan 1 to 3 months after treatment for a response assessment. Additional CT scans were typically obtained every 3 months. A complete blood count with differential and electrolyte panels, including blood urea nitrogen and creatinine, were drawn at each follow-up visit to assess the ability to receive systemic therapy and risk for kidney injury.
Statistical analysis
The Kaplan-Meier method was used to estimate OS and PFS from the completion of radiation therapy. Treated adrenal gland metastasis control was determined by the patient's most recent CT scan and was defined as the absence of progression at the treatment site per Response Evaluation Criteria In Solid Tumors, Version 1.1. Statistical analysis was performed with SPSS, Version 24 (IBM Corporation, Armonk, NY).
Results
The baseline demographic and clinical data of 11 patients who underwent SBRT to treat adrenal gland metastases are summarized in Table 1 . One patient died during the course of radiation therapy because of aspiration pneumonia and was removed from the analysis, leaving 10 eligible patients. The median patient age was 66 years, and the mean tumor volume was 31.4 cm 3 (range, 3.88-104 cm 3 ). The mean duration from the time of initial cancer diagnosis to adrenal metastases development was 18.8 months (range, 0-74 months). Two patients had adrenal metastases at diagnosis. Eight patients received chemotherapy before SBRT treatment, and 3 patients received chemotherapy after SBRT treatment. Five patients received immunotherapy either before or after SBRT treatment. Four patients reported symptomatic back or flank pain as a result of the adrenal gland metastases before SBRT initiation. All of these patients reported improvement in their symptoms after SBRT treatment. One patient received SBRT after an unsuccessful palliative course of radiation treatment (30 Gy in 10 fractions) to adrenal metastases for pain control. This patient experienced an improvement in pain after completion of SBRT.
Regarding acute toxicities, 4 patients developed grade 1 or 2 nausea, 2 patients developed grade 1 fatigue, and 1patient reported grade 1 diarrhea (Table 2) in the acute period after treatment. The median follow-up duration after SBRT was 6 months (range, 1-34 months) with follow-up CT scans available for 10 patients. At the last follow-up, 8 of 10 patients had died. Median OS was 9.9 months (Fig 1a) . Seven patients developed new distant metastases after SBRT Advances in Radiation Oncology: October-December 2017 Stereotactic body radiation therapy to adrenal metastases treatment; median PFS was 3.4 months (Fig 1b) . Nine patients (90%) achieved control of treated adrenal gland metastasis after completion of SBRT, with 1 patient experiencing progression of the adrenal gland metastasis 18.2 months after completion of treatment ( Table 1) . The other 9 patients had stable disease in treated adrenal glands at the time of the final follow-up visit or at death. For chronic toxicities, 1 patient developed a gastrointestinal bleed 3 months after completion of SBRT treatment. An upper gastrointestinal endoscopy noted a subepithelial hemorrhage in the proximal jejunum, but no definitive source of bleeding was identified. This individual's maximum bowel radiation dose was calculated as 52.8 Gy delivered over 3 fractions.
Discussion
This study used a prospectively maintained database of patients who received SBRT to the adrenal gland for metastatic disease. We found that SBRT provides good control of treated adrenal gland metastasis with acceptable acute toxicity; OS and treated adrenal gland metastasis control rates were similar to other reports in the literature given the relatively short follow-up period (Table 3) . However, 1 patient developed a gastrointestinal bleed 3 months after completion of SBRT to the adrenal gland.
There is considerable heterogeneity with respect to the SBRT technique, radiation dose, and radiation fractionation schemes in the adrenal gland SBRT literature. Published series have used a variety of radiation approaches, including 3-dimensional conformal intensity modulated radiation therapy, volumetric-modulated arc therapy, and robotic radiosurgery techniques. In addition, SBRT dose and fractionation have varied both among and within case series, with the radiation doses ranging from 16 to 60 Gy delivered in 1 to 10 fractions. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In our series, Several studies have explored the effect of BED on local tumor control and noted higher local tumor control as associated with higher BED values. Li et al noted greater treated adrenal gland metastasis control rates of 100% for tumors with a BED10 >100 Gy and 82% for tumors with a BED10 <100 Gy. 16 Desai et al reported a mean BED10 of 96.7 Gy for nonlocally failing tumors and 76 Gy for locally failing tumors. 10 In examining their 13-lesion cohort, Rudra et al noted that the 3 local failures had the lowest BED10, with a mean of 43.2 Gy. 18 In our cohort, we did not find an association between BED10 and treated adrenal gland metastasis control. The patient who demonstrated adrenal gland progression post-SBRT had a BED10 of 105.6 Gy. Greater numbers of patients may allow for a better correlation between BED and treated adrenal gland metastasis control.
Dosimetry to the adrenal gland is complicated because these tumors can have considerable respiratory motion in addition to multiple nearby organs at risk, which could lead to selectively underdoing tumor coverage. For the credentialing of NRG BR001, a current ongoing multicenter phase 1 study investigating SBRT treatment for oligometastatic disease, conformity and underdosing of the target were affected because of the closeness of the stomach or other organs at risk. 21 Of note, NRG BR001 has selected an initial dose of 45 Gy in 3 fractions to adrenal gland metastases with a decreased dose of 42 Gy in 3 fractions allowed if there are adjacent dose-limiting structures. 22 This study has closed accrual to abdominal SBRT sites, including the adrenal glands, and the outcome report from the study is pending.
Although the reported treated adrenal gland metastasis control rates for adrenal SBRT are high, OS and distant control rates for patients receiving SBRT to the adrenal gland have varied more than control rates of treated adrenal gland metastasis. We reported a median OS of 9.9 months, which is within the literature-reported range of median OS (range, 7.2-23 months). Distant control has been evaluated by several case series, with 1 year distant control reported as 9% to 55%. [7] [8] [9] Our median PFS rate was 3.4 months. Although both our median OS and PFS were at the lower end of reported values, this is likely because of differences in patient population histologies, prior treatment, and extent of disease (patient selection) at the time of SBRT treatment. Four of ten evaluable patients had non-small cell lung cancer primary disease. A recent report showed that local consolidative Figure 1 Overall survival and progression-free survival of patients with oligometastatic disease treated with stereotactic body radiation therapy to adrenal gland metastasis. Kaplan-Meier curve for overall survival (A) and progression-free survival (B). Median overall survival was 9.9 months, and median progression-free survival was 3.4 months. Patients alive at the time of analysis were censored to the date of last follow-up. Advances in Radiation Oncology: October-December 2017 Stereotactic body radiation therapy to adrenal metastases therapy of oligometastatic non-small cell lung cancer disease had improved PFS. 23 Although SBRT is used for definitive treatment, symptom palliation can also be achieved through radiation therapy. Six studies evaluating SBRT's effects on pain control all reported an improvement in pain after SBRT, with response rates ranging from 50% to 100%. 8, 12, [14] [15] [16] 20 This is consistent with our outcome of improvement in pain in all 4 patients who reported back or flank pain before SBRT, including 1 patient who did not achieve pain control after receiving palliative radiation to the adrenal gland (30 Gy in 10 fractions).
Advances in Radiation Oncology
SBRT to adrenal gland metastasis provides high local control with acceptable acute toxicity, with most treatmentrelated toxicities being self-limited and occurring in the acute phase. The most commonly reported side effects are nausea, vomiting, and fatigue, with rates of nausea ranging from 6% to 40% 7, [12] [13] [14] 18, 19 and fatigue ranging from 38% to 88% 7, 12, 18 when reported, which is consistent with our outcomes of 36% (nausea) and 27% (fatigue). Late toxicities reported in the literature include adrenal insufficiency and gastric/duodenal ulcers. 14, 16, 17 A case report also detailed late gastric perforation and hemorrhage leading to the death of a patient who received 60 Gy in 5 fractions to an adrenal lesion with concurrent vinorelbine. 24 A review of the gastric radiation dose found that the stomach received >52.5 Gy to 2.9 mL of dose. Although these radiation doses met their predefined organ-at-risk dose limits, concurrent chemotherapy may have potentiated the radiation dose effect in that setting. Our series had 1 patient who developed an upper gastrointestinal bleed after SBRT to the left adrenal gland, with a maximum bowel dose of 52.8 Gy in 3 fractions. This serious adverse event occurred without the addition of chemotherapy. Bowel dose constraints should be strongly considered to prevent late toxicity. Given the lack of literature on abdominal SBRT and with most reports consisting of small case series, SBRT bowel dose volume constraints need further refinement.
Conclusions
Our results complement the existing literature by providing further safety and efficacy data on SBRT to adrenal gland metastases. Adrenal SBRT may provide better pain control than conventional palliative radiation therapy. However, associated serious adverse events may occur, and more stringent dose constraint limits and avoidance of concurrent chemotherapy should be considered. Further largescale studies will be necessary to determine the acceptable dose parameters for both efficacy and avoidance of toxicity.
